Alcohol dehydrogenase (ADH), the major enzyme catalyzing the biological oxidation of ethanol in mammals, includes four dasses with very Merent capacities for ethanol oxidation. Class III ADH is present in all the tissues and is well conserved throughout evolution. This enzyme has a low activity with ethanol, is specific for the glutathionedependent oxidation of formaldehyde, and is therefore a formaldehyde dehydrogenase (EALDH). Until now there have been few and conflicting studies concerning its intracellular distribution, which is important for the understanding of its role in cell function. In the present work we used biochemical and immunocytochemical methods to assess the distribution of FALDH in rat hepatocytes and astroglial cells. With the glutathione-dependent formaldehyde dehydrogenase assay, we found the highest activity in the cytosol of hepatocytes and brain cells (12 and 2.6 mUlmg protein, respectively), but nuclei also exhibited signifcant activity (1.16 and 2.1 mUlmg protein, respectively). The immunocytochemical ~~ ~_ _ _ _ _ _ ____ Supported by grants Sal 91-0020-CO2 (CICYT), 90/0897-2-E (FISS), Correspondence to: Dr. J. Renau-Piqueras, Centro de InvestigaciBn, and PB89-0285 (DGICYT). Hospital "La Fe," Avda. Campanar 21, 46009-Valencia. Spain.
Introduction
Alcohol dehydrogenase (ADH; E C 1.1.1.1) catalyzes the conversion of ethanol to acetaldehyde in what is the major pathway for the elimination of ethanol in mammals. Moreover, ADH is also responsible for the metabolism of alcohols and aldehydes of a wide variety of structures such as retinoids, 5-hydroxy fatty acids, and steroids (Pietruszko, 1979) . Human ADH exists as a set of multiple isoenzymes which are coded for by at least six genes (Moreno and Pares, 1991; Yasunami et al., 1991; Smith, 1986) . On the basis of their different Km values for ethanol, distinct electrophoretic mobilities, differential inhibition by 4-methylpyrazole (Ki values), and primary structures, the human ADH isoenzymes have been divided 40: [1865] [1866] [1867] [1868] [1869] [1870] [1871] [1872] [1873] [1874] [1875] [1876] [1877] [1878] 1992) into four distinct classes (Pares et al., 1992; Jornvall et al., 1989; Vallee and Bazzone, 1983) . The ADH isoenzymes of a variety of mammals could also be grouped into four classes homologous to the human ADH classes (Pares et al., 1990; Julil et al., 1987) . Class 1 exhibits high affinity for ethanol (low Km), its concentration in liver is high, and it is primarily responsible for ethanol metabolism. Class I1 has a high Km (34 mM) for ethanol, is found in liver, and has a function in ethanol oxidation at high blood ethanol concentrations. Class IV shows a high Km (40 mM) for ethanol and may have a function in gastric ethanol metabolism (Pares et al., 1992; Moreno and Pares, 1991) . Finally, Class I11 encompasses the ADH isoenzyme which cannot be saturated with ethanol, is located in all the tissues examined, and probably has no role in ethanol metabolism. However, Class 111 ADH exhibits acceptable kinetic constants with fatty alcohols and 5-hydroxy fatty acids. This class appears conserved throughout evolution (Gutheil et al., 1992; Kaiser et al., 1989) and is, moreover, detected in all the tissues studied (Boleda et al., 1989) , which strongly suggests that its function is generic rather than cell specific. Interestingly. this enzyme has recently been identified as a glutathione-dependent formaldehyde dehydrogenase . Therefore, in addition to its alcohol dehydrogenase activity. Class 111 ADH catalyzes the oxi- dation of S-(hydroxymethyl) glutathione, which is formed in spontaneous reaction between glutathione and formaldehyde. In fact, the kinetic constants are much better for this substrate for alcohol . and detoxification of formaldehyde seems to be the physiological function of this enzyme . We will therefore call this enzyme formaldehyde dehydrogenase (FALDH) throughout the present report. It is widely accepted that Class I ADH is located in the cytoplasm, and it is therefore used as a cytosolic marker in cell fractionation procedum. FALDH has also been considered a cytoplasmic enzyme (Paris et al., 1984; Uotila and Koivusalo. 1974) . Howewr, there is no detailed information on the subcellular distribution of this enzyme. which would be important for the understanding of its role in the biology of the cell.
In the present work wc report immunocytochemical and biochemical studies on the intracellular localization of FALDH in he- patocytes and astrocytes. Hepatocytes are the cells with the highest FALDH activity, while astrocytes have been used because they lack additional ADH classes, which eliminates possible interference, and because it has been suggested that FALDH plays a role in fatty alcohol metabolism in the brain (Giri et al.. 1989 ). The nuclear localization of FALDH in both types of cell offers new perspectives for research on the physiological functions of this enzyme.
Materials and Methods

Astrocyte Cultures
Primary astrocyte cultures from 21-day-old rat fetuses were prepared from brain hemispheres as described (Gmez-LcchBn et al., 1992; Rcnau-Piqueras et al., 1989) . Fetuses were obtained under sterile conditions from rats and cerebral hemispheres were dissected free of meninges and mechanically dissociated in Dulbccco's modified Eagle's medium (Gibco; Grand Island. NY).
The cell suspension was vortcxed at maximum speed (1 min) and filtered through a nylon mesh of 80-pm pore size. Cells were plated on 35-mm Nunc tissue culture plastic dishes (1 x lo6 cells/dish. 2 ml per dish) and maintained in the same medium containing 20% fetal calf serum (FCS) and 1% antibiotics. Cultures were grown in a humidified atmosphere of 5% CO2 at 37°C. After 1 week the serum content was reduced to 10%.
The medium was changed every 3 days.
Since these cultures grow rapidly for 7-10 days (proliferative period).
after which the cell number increases slowly (differentiation period) Guerri et al., 1990) . all the experiments were done in triplicate on 7-and 21-day cultures. The purity of astrocyte cultures was assessed with a mouse anti-glial fibrillary acidic protein (GFAP) monoclonal antibody and fluorescence microscopy ( Siez et al.. 1991; Renau-Piqueras et al., 1989) .
Isolation of Nuclei
Nuclei from adult rat liver were isolated following the procedure described by Fleischer and Kervina (1974) . Briefly, rats were sacrificed by decapitation and liven were homogenized in nine volumes of 0.25 M sucrose-10 mM HEPES, pH 7.5. The homogenate was filtered and centrifuged at 1450
x g for 10 min. The supernatant was stored and the pellet was re-suspended in 0.25 M sucrose-10 mM HEPES-1 mM MgC12, pH 7.5. Nuclei were purified by centrifugation in a sucrose gradient. The last pellet was used as nuclear fraction.
Nuclei from rat cerebral cortex were purified according to Thompson (1973) . Cerebral cortices were dissected, chopped fine, and homogenized to give a 20% (wlv) homogenate in 2.0 M sucrose-1 mM MgCIz. The homogenate was centrifuged at 64.000 x g for 30 min. The pellet was resuspended in 2.4 M sucrose4 mM MgC12. overlaid with 1.8 M sucrosc-1 mM MgCI2. and recentrifuged. The glial nuclear fraction was used for enzymatic and immunqochemical assays. The quality ofthc nuclear preparations was assessed by light and electron microscopy and enzyme marker evaluation. 
Enzymatic Assays
Activities were determined by monitoring the formation or utilization of NADH at 340 nm and 37 'C Uulih et al., 1987) . Class I activity was measured with 33 mM ethanol, 2.4 mM NAD in 0.1 M glycine, pH 10. When this activity was tested in liver, 5 mM 4-methylpyrazole was added to the assay. The alcohol dehydrogenase activity of FALDH was determined under the same conditions, but using 1 mM octanol as a substrate.
The glutathione-dependent formaldehyde dehydrogenase activity of FALDH was determined with 1 mM formaldehyde. 1 mM glutathione. 1.2 mM NAD'. and 3 mM 4-methylpyrazole in 0.1 M sodium pyrophosphate, pH 8.0 . Before measuring this activity, samples were gel-filtrated to r e m m the reduced glutathione (GSH); the difference bem e n the rates obtained in the presence and in the absence of added 1 mM GSH represented the specific FALDH activity.
Lactic dehydrogenase (LDH) activity was used as cytosolic marker and was determined by standard methods (Bergmcyer, 1974) .
One unit of activity of the different enzymes measured corresponds to 1 pmol of NADH produced per min at 37'C. based on an absorption codficient of 6220 M-' cm-' for NADH at 340 nm.
Tissue Processing for Electron Microscopy
Rat Liver. Rat liver (Wistar rats of 150-200 g) was fixed by perfusion with 0.5% glutaraldehyde-4% formaldehyde as described (Roth et al.. 1985) and embedded in Lowicryl K4M (Bendayan et al.. 1987) .
Astrocytes in Primary Culture. Proliferating and differentiated astrocytes were fixed as monolayers with 0.5% glutaraldchydc-4% formaldehyde in 0.1 M PIPES buffer. pH 7.3. for 60 min at 4'C. detached from the plastic with a rubber policeman. incubated for 60 min in 50 mM NH4C1, and embedded in Lowicryl K4M (Rcnau-Piqueras et al.. 1989; Bendayan et al., 1987) . Isolated Nuclei. Samples of the nuclear fractions from brain and liver were centrifuged and processed for electron microscopy as described for astrocytes.
Brain Cortex. Rat embryos at gestational Day 16 (El6) were perfused intracardially with cold 0.5% glutaraldehyde-4% formaldehyde in 0.1 M PIPES buffer. pH 7.2. Brains were then removed by dorsal craniectomy and immersed in the same fixative solution for 4 hr. After washing in the buffer, the brains were post-fixed in 1% o s 0 4 for 45 min at 4'C. dehydrated in ethanol, and embedded in LR White (Bendayan et al., 1987) . Osmication was used to determine more exactly the location of the different cell types in ultra-thin sections. acrylarnide gels according to the method of Robertson (Robertson et al.. 1987) . Thc staining for enzyme activity on the gel was carried out with 2-butenol as described for starch gel electrophoresis (Boleda et al., 1989) .
Purz-cation of Liver FALDH and Preparation of Antibodies
Polyclonal antibodies were raised in rabbit by subcutaneous injections of purified FALDH. The protein was finally injected in three doxs of 0.4 mg emulsified in Freund's complete adjuvant (l:l, vlv). during a period of 6 weeks, and the antiserum was collected. Pre-immune serum samples 
Immunocytochemthy
Localization of FALDH was performed with the immunogold procedure.
Ultra-thin smions (80 nm) mounted on pulodion-coated nickel grids were floated for 30 min on 0.1% BSA-Tris buffer (20 mM Tris-HCI. 0.9% NaCI. pH 7.4. containing 0.1% BSA, Type V) supplemented with 5% heatinactivated fetal calf xrum (FCS) and then transferred to droplets of 0.1% BSA-Tris buffer containing 1% FCS and a rabbit anti-FALDH polyclonal antibody. After s c~d assays the dilution 1:lOOO. which minimizes the back-ground staining, was chosen. Since at this dilution FALDH ancibodiescould react with Class I ADH. a 1:10,000 dilution was also used in all the arperimcnts. In these conditions. the cmreaction with Class I ADH is strongly reduced. The sections were incubated in a moist chamber for 2 hr at 37'C in the first c m and 24 hr at room temperature when the 1:lO. OOO dilution was used. After t h m rinses with 0.1% BSA-Tris buffer for 10 min each. the grids were placed on droplets ofO.l% BSA-Tris buffercontaining0.5% Tween 20, 5% FCS, and a goat anti-rabbit IgGgold complex (10 nm, 1:lO dilution) (Sigma; St Louis. MO). The incubation time was 24 hr at m m temperature. as above. After w 30-min rinses with 0.1% BSA-Tris buffer and a rinse in bi-distilled water, the xctionswere air-dried and finallycountemained with uranyl acetate. The same procedure was also followed with a rabbit anti-Class I ADH polyclonal antibody obtained from purified rat Class I ADH (Bolcda, unpublished results).
Controls were incubated without the firn andbody. In some cues. 0.05% Twccn 20 was used in all solutions to reduce possible nonsp?cific charge attraction to antibody. This latter control was also uxd with sections previously floated on 0.5 M N&CI for 60 min. Controls of clumping of gold particles in the goat anti-tabbit IgG-gold complnm were performed routinely. Figure 6. Electron micrographs of isolated nuclei from (A) liver and (E) brain cortex. In these preparations, scant cytoplasmic material and few mitochondria Were found. Ultra-thin sections were incubated for the demonstration of anti-FALDH binding sites (C, hepatocyte nucleus; D, glial nucleus). In both cases (C,D), nuclei show a good ultrastructural preservation although some extraction was evident, mainly in the hepatocytes. Original magnifications: A,B x 1900; C.D x 29.800. Bars: A,B = 5 pm; C,D = 0.5 pm.
Serial coronal semi-thin sections of fetal brain, from olfactory bulbs through occipital poles, were used for categorization of cell localization in the developing cerebral wall. Ultra-thin sections from the dorsal domain were selected (Austin and Cepko, 1990) . In this domain the following zones can be observed: (a) germinal matrix; (b) subventricular zone; (c) intermediate zone; (d) cortical plate; and (e) marginal zone. Micrographs were taken of cells from the germinal matrix and from the subventricular zone. For immunolocalization of FALDH. ultra-thin sections selected as above were pre-treated by floating grids for 60 min on a saturated aqueous solution of sodium metaperiodate and finally washed three times with water. They were then incubated for 5 min on 3% hydrogen peroxide. and washed three times with water (Bettica and Johnson, 1990) . To select astroglial cells. sections were incubated simultaneously with mouse anti-GFAP monoclonal antibody (1:50 dilution) (Renau-Piqucras et al.. 1989) and anti-FALDH (1:lOOO dilution). After washing, the grids were incubated for 2 hr at 37°C with BSA-Tris containing anti-mouse IgG-gold ( 5 nm) (1:lO dilution) and anti-rabbit IgG-gold (10 nm) (MO dilution). Micrographs were taken of germinal matrix and subventricular zone cells, showing both anti-GFAP and anti-FALDH labeling. Controls were carried out as described above.
Quantitative Euahation
For quantitative analysis, micrographs were taken on 9 x 12-cm plates at an initial magnification of 15,000. The positive pictures were enlarged to a final magnification of 40,000.
In a first analysis. the density labeling (d). expressed as the number of gold particles per pm2. was estimated over the cytoplasm, nucleus, and nucleolus. The area of each cell compartment was calculated by pointcounting procedures. The mean interparticle distance (ro) was calculated according to the formula:
The distribution of gold particles on cytoplasm, nucleus. and nucleo- Ius was determined as previously described (De Paz et al.. 1990; Renau-Piqueras et al., 1989) . The percentage of the total area examined that was occupied by the different cell components considered, as well as the percentage of gold particles related to each of these elements, was evaluated. To assess whether gold particles have a preferential relationship with any of the cell components, the ratio (R) of the percentage of particles related to each of the cell components over the percentage of the total area occupied by each component was calculated. Values of R above unity indicate a preferential distribution of gold particles.
In a second analysis, the density of labeling was estimated ovcr euchromatin and heterochromatin. In the latter case, the distribution of gold particlcs over the condensed chromatin (CC) clumps and the interchromatin regions (ICR) was also determined with the resolution boundary circle method described by Salpeter and McHenry (1973) for autoradiographs. The radius of circles was calculated. considering the total size of complex [first antibody (8 nm) + second antibody (8 nm) + gold particle (10 nm)] and the final magnification of the pictures. Although. as mentioned, the clumping of gold particles in the goat anti-rabbit IgG-gold reagent was checked routinely, this procedure using boundary circles was also used to control whether the clumping of gold particles observed in preparations after immunolabeling could be due to an artifact.
Sampling Procedure
The procedure used to select samples and micrographs has been described in detail (Renau-Piqueras et al.. 1987 . 1989 Cruz-Orive and Wcibel. 1981) . Random ultra-thin sections (one section per block. three blocks per case) processed for immunocytochemistry, on an average of 80 nm thick, served for sampling. The outlines of the different cell components selected for analysis (cytoplasm, nucleus. nucleolus, and condensed chromatin) were drawn and the area of each component was determined by point-counting procedures. The minimum sample size (MSS) for each parameter and cell component considered was determined by the progressive mean technique (confidence limit 10%) (Williams, 1977) . All the quantitative analyses were carried out using a BASIC program developed in our laboratory. 
ReSUltS
Evaluation of Antibody Specz-city
The purified FALDH gave a single band in the SDS-polyacrylamide gels ( Figure 1A ) and three or four bands after isoelectrofocusing. The enzymatic activity in the gel is shown in Figure 1B . The specificity of anti-FALDH antibody, determined by Western blotting ( Figure IC) and ELISA is shown in Figure 2 . This figure also shows the immunological reaction of the antibody against the isolated nuclei from hepatocytes. In contrast to the results found when the total homogenate was used, only one band was found in preparations of nuclei.
Enzymatic Activity
The activities of liver Class I ADH. FALDH, and LDH are reported in Ebles 1 and 2. Whereas the activities of Class I ADH and LDH in isolated nuclei were very low, the relative specific activity values of FALDH were five-to sevenfold higher than those corresponding to Class I ADH and LDH. Activity values for nuclear FALDH with formaldehyde and octanol as substrates represented approximately 0.51 and 0.21 mU/g tissue, respectively. Similar results were obtained in glial nuclei isolated from brain cortex ( Table 2) . No Class I ADH activity was detected in brain.
However, in these preparations, the relative specific activities for formaldehyde and octanol were higher than those found in liver nuclei, although the total amount was lower and represented 0.21 and 0.13 mU/g tissue, respectively.
Qualitative Observations
In transverse sections of 7-and 21-day astrocytes in primary culture, cells showed a flat profile, with a cell body containing the nucleus and long processes filled with intermediate filaments ( Figure  3) . The nucleus was elongated, with only a little condensed chromatin in contact with the nuclear envelope. Within the nucleus, nuclear bodies, perichromatin, and interchromatin granules, as well as perichromatin fibrils, were seen. These ribonucleoprotein (RNP) structures were clearly seen when the EDTA-regressive staining was used (results not shown). In most cells, nuclei contained one or more well-developed nucleoli.
The ultrastructure of nuclei of rat hepatocytes was similar to that previously described (Busch and Schildkraut, 1988) . In Lowicryl sections it was possible to distinguish most of the RNP structures ( Figure 4) .
The germinal matrix of E16 rat cortex was composed mainly of mitotic cells ( Figure 5B ), whereas the subventricular zone appeared to be composed of interphase cells ( Figure 5A ).
Finally, isolated nuclei from liver and brain showed good presemtion, although some extraCtion of material was observed ( Figures  6C and 6D ). In these preparations, scant cytoplasmic material and few mitochondria were found ( Figures 4A and 4B ).
Immunolocalization of FALDH
Astrocytes in Primary Culture. Proliferating and differentiated astrocytes in primary culture showed similar distributions of anti-FALDH binding sites. At a 1:lOOO dilution, labeling was found over both the cytoplasm and the nucleus (Figure 7) . No specific particle labeling was seen associated with any component of cytoplasm, including mitochondria. Binding sites for anti-FALDH in the nucleus were found mainly over condensed chromatin and interchromatin regions (Figure 8 ). In addition to single gold particles, the labeling consisted of groups of particles of various sizes and shapes. However, this clustering of particles was more frequent over the nucleus than over the cytoplasm. On the other hand, very few particles were observed over nucleolus or RNP structures. The distribution pattern was similar when the 1:10,000 dilution was used, although the labeling was decreased as compared with that of sections incubated with a 1:lOOO dilution (Figure 8 ). The labeling with both dilutions was specific, as shown by the absence of gold particles in controls and the low level of background labeling.
The quantitative estimation of the labeling indicates that the gold particle density (number of gold particleslpd) over both nucleus and cytoplasm was greater in 21-day than in 7-day astrocytes (Figure 9) . Thus, the densities of gold particles over nucleus and cytoplasm of &day cells were 1.96 and 1.51 times greater, respectively, in these cells than in proliferating astrocytes. However, no significant differences in the volume density of condensed chromatin between cell groups were found.
In 7 9 and 10. In 7-day astrocytes the gold particle density over nuclei was 2.4 times greater than over cytoplasm, whereas this ratio was 3:l in differentiated cells. Similar values were found when the antibody dilution was 1:10,000. However, we have not estimated the labeling over total nuclear and cytoplasmic areas. In the latter case, only perinuclear cytoplasm (cell body) was considered. The quantitation of labeling over chromatin was determined only in differentiated astrocytes and is shown in Figure 11 , with preferential labeling seen over condensed chromatin. When the distribution of gold particles over condensed chromatin and interchromatin regions was compared, 60% of labeling was over the latter.
Finally, when cells were incubated for anti-Class I ADH binding site demonstration, few gold particles were found over the nucleus (Figure 12) .
Hepatocytes. After the anti-FALDH antibody was applied to hepatocyte sections, labeling over both cytoplasm and nucleus was seen. However, we have focused our study on the analysis of nuclear structures. Many gold particles were present over the peripheral (perinuclear) and perinucleolar condensed chromatin (Figure  4) . The labeling of heterochromatin was less intense (Figure 11 ). The ratio of gold particle density, ICR/CC, was 0.631 * 0.05. Finally, scant labeling over the nucleolus was found and none was seen associated with RNP structures.
As in astrocytes in primary culture, labeling with anti-Class I ADH resulted in few gold particles over the nucleus (Figure 12) . Brain Cortical Cells. Analysis of anti-FALDH binding sites in mitotic cells of germinal matrix and interphase nuclei of subventricular cells was performed in cells showing anti-GFAP labeling. In mitotic cells, labeling of FALDH was found over chromosomes. Few particles were associated with microtubules and cytoplasm ( Figures 13A and 13B) . In interphase subventricular cells, the gold particle distribution pattern was similar to that described for astrocytes in primary culture, although the labeling over cytoplasm was less intense in brain cortical cells ( Figure 13C ). Isolated Nuclei. As noted above, isolated nuclei preparations gave a single band in Western blotting assays (Figure 1 ). Isolated nuclei from liver and brain cortex incubated for the demonstration of anti-Class I and anti-FALDH showed a distribution pattern of gold particles similar to that found in liver tissue and cultured astrocytes, respectively ( Figure 6 ). However, the labeling of isolated hepatocyte nuclei was decreased as compared with that of intact hepatocytes.
Discussion
In this work we have demonstrated the immunochemical and biochemical localization of FALDH in the nuclei of astroglial cells and hepatocytes of rat. With biochemical procedures, a significant enzymatic activity was found in isolated nuclei from hepatocytes and adult brain cortex astroglial cells, with both FALDH activity assays: the GSH-dependent formaldehyde oxidation and octanol oxidation.
The immunocytochemical activity of FALDH in the nucleus of astrocytes and hepatocytes is in line with the enzymatic activity. The procedure used to isolate the nuclei from brain and liver results in an enriched fraction of nuclei as demonstrated by both light and electron microscopy and by the scant activities of Class I ADH and LDH in these fractions. However, as revealed by the immunogold technique, the isolation procedure results in a decrease in labeling, as compared with the same nucleus in the tissue. This effect could be due to an extraction of some material and/or a partial inactivation of the immunochemical properties of the enzyme. The presence in our immunocytochemical assays of some gold particles corresponding to a reaction with anti-Class I ADH over the nucleus of hepatocytes and astrocytes might be due to a weak crossreaction with the FALDH antigen. However, previous studies have demonstrated the absence of Class I ADH in astrocytes (Kerr et al., 1989; Wichramasinghe, 1987; Buhler et al., 1983) .
Results on the presence of FALDH in the nucleus of mammalian cells have been few and conflicting. Subcellular fractionation experiments with human liver (Uotila and Koivusalo, 1974) and placenta (Farres et al., 1988; Par& et al., 1984) demonstrated that most of the FALDH activity was present in the cytosol, although in both cases a small amount, about 2%, was found in the nuclear fraction. In another report, histochemical procedures and light microscopy showed that most of the activity was localized in the cytoplasm of liver and neuronal cells. However, strong activity was found in the nuclei of several cell types of the olfactory epithelium (Keller et al., 1990) . From these and our present experiments it can be concluded that FALDH is undoubtedly present in the nucleus of many cell types, and that the relative amounts in the nucleus and cytoplasm change in the different tissues (see Tables 1 and 2). Although it seems evident that, in general, the cytoplasm is the cell compartment with the highest amount of the enzyme in absolute terms, the subcellular localization experiments may underestimate the relative amount in nuclei because of a possible loss of material during fractionation procedures. as previously discussed.
Our results also indicate that FALDH appears in astroglial cells during embryogenesis. The data concerning the gold particle density in 7-day and 21-day astrocytes in primary culture further indicate that this enzyme increases during postnatal development in these cells. This agrees with previous results showing that the enzymatic activity of FALDH in rat brain could be detected by at least Day E15 and increases from this prenatal period to 21 days postnatally (Boleda et al., 1991) . Thus, the activity at 21 days was twofold greater than at 7 days postnatally, which is in accordance with our immunocytochemical results in astrocytes. Moreover, these results indicate that FALDH increases mainly during astrocyte differentiation, as occurs with other astrocyte enzymes .
On the other hand, transport of proteins to the nucleus requires specific nuclear localization signals in the primary structure. These are typically short sequences that contain a high proportion of positively charged amino acids (Garcia-Bustos et al., 1991) . Rat FALDH exhibits the sequence Lys-Lys-Ile-Lys (residues 338-341) Uuliii et al., 1987) which has been identified as a part of the nuclear signal of several proteins (Garcia-Bustos et al.. 1991) . Interestingly, this sequence is conserved in the Class I11 ADH of many species studied, including human and horse (Kaiser et al., 1989) . but is changed in the known structures of mammalian Classes I, 11, and IV (Pares et al.. 1990; Jornval et al., 1989; Kaiser et al., 1989) . Although the role of this sequence in the nuclear import of FALDH has to be further investigated, it adds new evidence in support of the nuclear localization of this enzyme.
On the basis of kinetic studies, it has been suggested that class FALDH has no role in ethanol oxidation Uulil et al., 1987; ParEs and Vallee, 1981) . It has been postulated that a function of this enzyme could be the metabolism of long chain alcohols and aldehydes, possible intermediates of lipid metabolism (Giri et al., 1989; Julia et al., 1987) .
On the other hand the specificity constant (kcat/Km) at physiological pH of rat FALDH is much better for the adduct S-(hydroxymethyl) glutathione (about 200,000 mM-'.min-') Uotila and Koivusalo, 1989 ) than for the best alcohol substrate (2300 mM-'.min-' for 12-hydroxydodecanoic acid) (Julil et al., 1987) . These results suggest that FALDH is more likely to be involved in formaldehyde oxidation than in the fatty alcohol-aldehyde metabolism.
Formaldehyde is a normal metabolic intermediate in animal cells and can be formed from several exogenous and endogenous precursors. The microsomal cytochrome P-450 system produces formaldehyde from several xenobiotics and from glycerol (Winters and Cederbaum, 1990; Uotila and Koivusalo, 1989) . Methanol is oxidized to formaldehyde by the action of ADH and catalase. The normal metabolism of many physiologically occurring compounds (e.g., serine, glycine, sarcosine) contributes to the generation of formaldehyde in the organism, which represents between 0.05 and 0.5 pmol/g wet weight of rat tissues (for references see Gutheil et al., 1992; Uotila and Koivusalo, 1989) .
Formaldehyde reacts with proteins to cause cross-linking of peptide chains and also reacts with amino groups of DNA (Hayat, 1981) .
This reaction proceeds much more rapidly with free nucleotides or denatured DNA than with native DNA (Hayat, 1981; Grossman, 1967; Stollar and Grossman, 1962) . Because of the high content of GSH in both cytoplasm and nucleus, most of the formaldehyde in the cell is reversibly bound to GSH as S-(hydroxymethyl) glutathione, and this is the specific substrate for FALDH. It is therefore believed that FALDH is the most important mechanism of the animal cell for eliminating formaldehyde . The location of FALDH over condensed chromatin suggests that this enzyme plays a role in protecting DNA from formaldehyde and could prevent the formation of histone-DNA or histone-histone cross-linking. That FALDH plays a role in the nucleus is also supported by the presence of its co-factors, NAD (Busch and Schildkraut, 1988; Busch, 1974) and GSH (Keller et al., 1990) , in this cell component.
In conclusion, the following properties of FALDH strongly suggest its involvement in metabolic functions that are critical for the cell: (a) it is well conserved throughout evolution (Gutheil et al., 1992; Kaiser et al., 1989) ; (b) it is present in most of the organisms analyzed ; (c) it is widely distributed in mammalian tissues (Boleda et al., 1989) ; and (d) it appears during early embryogenesis (Boleda et al., 1991) . We propose that one of the functions of FALDH could be to protect nuclear structures, including chromatin, from the toxic effect of formaldehyde. Work to confirm this hypothesis and to determine more exactly the structural component of the nucleus to which FALDH is bound is in progress. 
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